A mathematical model of a serpentine flat-plate solar collector using finite elements is presented. The numerical simulations focus on the thermal and hydrodynamic behaviour of the collector. The energy equation is numerically solved, as are the Navier-Stokes equations for an incompressible fluid. Numerical results involving one part of the serpentine are also shown.
Introduction
Over the past few years, the population around the world is more aware how using renewable energies can help preventing environmental pollution. Nowadays, energy is considered a key factor in economic development. For this reason serious efforts are being made in research to study and improve all the processes related to renewable energies. As a consequence, a great number of studies has been published [4, 5, 6, 7] and many kinds of solar collectors were designed and built.
This study presents a numerical modelling of a flat-plate solar collector with a corrugated inner shape. It is built with economical materials, such as aluminium. A twodimensional, both stationary and transient analysis is developed to obtain the main thermal parameters of the collector. Moreover, three-dimensional thermal and hydrodynamic simulations are performed on one part of the serpentine.
Two-dimensional thermal analysis
In a first approximation towards the numerical simulation of the collector, a simplified two-dimensional thermal model coupled with a one dimensional model in the fluid are introduced, the computational domain being a crosssection of the collector corresponding to one duct (see Figure 1 ). The stationary heat equation [1] is then numerically solved together with boundary conditions accounting for the energy losses through the surrounding area. On the plate, the absorbed solar irradiance is taken into account together with the heat losses through radiation and convection [see 3].
On the duct boundary, a convective boundary condition is considered using the mean fluid temperature which is computed solving the one-dimensional convective heat equation in the fluid with the useful heat transferred from the duct to the fluid as a source.
This model was implemented and solved by a finite element method in Comsol Multiphysics [2] . For stationary conditions, Table I shows the data for the numerical simulation and Table II the results for the main thermal parameters that characterize the behaviour of the collector. Figure 2 shows how temperature is distributed along the cross-section and, in Figure 3 , the computed collector efficiency line is presented. − The differential equation governing the temperature rise on a unstratified tank. Moreover, for the transient model, the irradiance (Fig. 3 ) and ambient temperature (Fig. 4) throughout one day are considered. The volume of the unstratified tank is 0.3 m 3 . With this transient analysis, one can observe the thermal behaviour of the collector at any given moment during the day, for instance, at midday, as shown in Figure 5 . It is also possible to represent the useful energy transferred to the fluid during the simulation time (Fig.  6) ; the mean temperatures of the plate, fluid and tank
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Measured on June (Fig. 7) ; and the instantaneous efficiency of the collector (Fig. 8) . 
3D-dimensional hydrodynamic and thermal simulations
The computational domain is now the region occupied by the first three paths of the serpentine, as the mesh of the computational domain shows in Figure 9 . The velocity of the fluid is governed by incompressible Navier-Stokes equations. The zero velocity on the lateral walls is considered and the inlet velocity is known.
Once the fluid velocity is computed, the stationary convective heat equation is numerically solved. The boundary conditions are analogous to the ones considered in the previous two-dimensional analysis.
. Also the figure 11 shows with more detail the temperature and velocity filed at the turn of the serpentine. 
Conclusion
A new topology of solar collector is presented in this paper. It makes it possible for the fluid to have greater contact surface with the absorber plate and leads to an increase in collector efficiency. Moreover, as the solar collector is made in aluminium, it is cheaper and more competitive in the market.
To obtain the characteristic thermal parameters for the collector, a numerical simulation was carried out using a finite element method. For the stationary analysis, an efficiency of 84.5% is obtained, with a maximum plate temperature of 31.7ºC. Another factor to consider is that the fluid temperature rises by 18.7 ºC, the overall loss coefficient is 3.1 W/m 2 K and the heat removal factor equals 0.96. Similar values were found for the transient analysis during one-day simulation.
Finally, the 3D thermal and hydrodynamic behaviour for one part of the serpentine was numerically simulated.
